NAFLD is characterized by an excessive accumulation of fat in the liver. The most severe form of NAFLD, NASH, often progresses to liver cancer (1-3). Tracking with the increasing prevalence of general obesity, 30% of the US population is now estimated to have NAFLD, and 25% of these individuals will develop NASH (1, 3). Currently, there are no effective therapies to prevent the incidence and progression of NAFLD or NASH (4). This makes clarification of the detailed mechanisms of disease progression using appropriate animal models that much more urgent.
Introduction
NAFLD is characterized by an excessive accumulation of fat in the liver. The most severe form of NAFLD, NASH, often progresses to liver cancer (1) (2) (3) . Tracking with the increasing prevalence of general obesity, 30% of the US population is now estimated to have NAFLD, and 25% of these individuals will develop NASH (1, 3) . Currently, there are no effective therapies to prevent the incidence and progression of NAFLD or NASH (4) . This makes clarification of the detailed mechanisms of disease progression using appropriate animal models that much more urgent.
Insulin signaling begins with the binding of insulin to the insulin receptor (IR). This then phosphorylates insulin receptor substrates (IRSs) and subsequently triggers the recruitment of PI3K and the activation of AKT (5) (6) (7) (8) (9) . Deletion of IRS1 and IRS2 in the mouse liver reduces AKT activity and gives rise to insulin resistance (10) . Excessive AKT activation leads to the development of NAFLD by promoting the maturation of the transcription factor SREBP1c (11, 12) . In its mature form, SREBP1c contributes to the induction of fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC), which are key enzymes in de novo lipogenesis (13) . Phosphatase and tensin homolog (PTEN) is a negative regulator of AKT signaling, and several human cancers are associated with mutations or downregulation of the PTEN gene (14) (15) (16) . Liver-specific PTEN-knockout mice progressively develop NAFLD, NASH, and HCC (17, 18) as a result of increased AKT signaling (19) .
The Hippo signaling pathway has been implicated in the suppression of tissue regeneration, the proliferation of stem cells, and the development of cancer by inhibiting the oncogenic activity of the transcriptional coactivators YAP and TAZ (20, 21) . In mice, liverspecific knockout of the Hippo pathway components MST1/2, SAV1, or NF2 induces the expansion of hepatic progenitor cells via YAP/TAZ activation and leads eventually to the development of liver cancer (HCC, cholangiocarcinoma [CC] , or both) (22) (23) (24) (25) . Despite its importance in tumorigenesis, the role of Hippo signaling in the metabolic dysregulation that precedes the development of liver cancer remains unclear.
Previous studies have suggested that YAP regulates components of the AKT pathway (i.e., PI3K, PTEN, and AKT) and that the Drosophila Hippo ortholog MST1 binds and inhibits AKT directly (26) (27) (28) (29) . Increased YAP expression in human liver tumors is associated with high levels of p-AKT (30, 31) . This suggests that crosstalk between the Hippo and AKT pathways may be important in the maintenance of functional liver homeostasis. The molecular coordination of these 2 pathways in liver tumorigenesis, however, has not been revealed. Using several mouse models, we now show Nonalcoholic fatty liver disease (NAFLD) is a major risk factor for liver cancer; therefore, its prevention is an important clinical goal. Ablation of phosphatase and tensin homolog (PTEN) or the protein kinase Hippo signaling pathway induces liver cancer via activation of AKT or the transcriptional regulators YAP/TAZ, respectively; however, the potential for crosstalk between the PTEN/AKT and Hippo/YAP/TAZ pathways in liver tumorigenesis has thus far remained unclear. Here, we have shown that deletion of both PTEN and SAV1 in the liver accelerates the development of NAFLD and liver cancer in mice. At the molecular level, activation of YAP/TAZ in the liver of Pten -/-Sav1 -/-mice amplified AKT signaling through the upregulation of insulin receptor substrate 2 (IRS2) expression. Both ablation of YAP/TAZ and activation of the Hippo pathway could rescue these phenotypes. A high level of YAP/ TAZ expression was associated with a high level of IRS2 expression in human hepatocellular carcinoma (HCC). Moreover, treatment with the AKT inhibitor MK-2206 or knockout of IRS2 by AAV-Cas9 successfully repressed liver tumorigenesis in Pten -/-Sav1 -/-mice. Thus, our findings suggest that Hippo signaling interacts with AKT signaling by regulating IRS2 expression to prevent NAFLD and liver cancer progression and provide evidence that impaired crosstalk between these 2 pathways accelerates NAFLD and liver cancer.
Hippo-mediated suppression of IRS2/AKT signaling prevents hepatic steatosis and liver cancer ed to lipogenesis and insulin signaling, including IRS targets and gene sets related to steroid biosynthesis, lipid biosynthesis, and fatty acid metabolism ( Figure 2B and Table 1 ). Given these observations, we asked whether AKT acts as an effector molecule in the dysregulation of liver metabolism we observed in DKO mice. As expected, Pten deletion led to activation of AKT, as evidenced by increased levels of p-AKT ( Figure 2C) . Surprisingly, DKO livers showed even greater AKT activation than did Pten -/-livers, while neither Sav1 -/-nor WT livers showed any such activation, presumably because of the presence of PTEN ( Figure  2C ). Consistent with this result, DKO livers also showed greater increases downstream of AKT signaling than did Pten -/-livers, including increased phosphorylation of glycogen synthase kinase 3β (p-GSK3β), increased processing of SREBP1c, and upregulation of FAS and ACC ( Figure 2C ). This increase in p-GSK3β in DKO livers is also consistent with their excessive accumulation of glycogen (18) (Figure 1D , PAS staining). Using IHC, we also observed increases in p-AKT and PIP 3 in DKO hepatocytes but not biliary cells or infiltrated immune cells ( Figure 2D ), suggesting that the dysregulation of liver metabolism in DKO mice depends on cell-autonomous signaling. DKO livers showed increased expression of lipogenesis-related genes (i.e., Fasn, Acc1, and Scd1) and SREBP family genes (i.e., Srebp1a, Srebp1c, and Srebp2) ( Figure 2 , E and F). They also showed increased expression of inflammationrelated genes such as IL-6 (Il6) and TNF-α (Tnfa), indicating the progression of chronic NAFLD to NASH ( Figure 2G ). In summary, DKO livers showed increased AKT activation, lipogenesis, glycogenesis, and inflammation.
YAP/TAZ enhance AKT activation and the development of fatty liver in the absence of PTEN. To identify the mechanism underlying the enhanced AKT activation we observed in DKO livers, we examined the status of the various Hippo pathway components. Consistent with the role of SAV1 as an upstream regulator of LATS (23), SAV1-deficient livers (from both Sav1 -/-and DKO mice) showed reduced LATS activation (p-LATS) that was also associated with increased levels of YAP but low levels of p-YAP ( Figure  3A ). Both Pten -/-and Sav1 -/-mice showed increased levels of TAZ compared with expression levels in WT mice, but the increase in TAZ in DKO mice was even greater ( Figure 3A) . We confirmed the increased levels of YAP and TAZ in DKO livers via IHC ( Figure 3B ). Interestingly, we found high levels of YAP expression only in the nuclei of DKO mouse liver cells compared with liver cells from the other groups, but we found abundant TAZ in both the cytoplasm and nuclei (Figure 3, C and D) . The increased expression of the YAP/TAZ targets CTGF and CYR61 provided further confirmation of the upregulation of YAP/TAZ activity in DKO livers ( Figure 3A) .
To determine whether YAP and TAZ directly promote fatty liver development via AKT activation, we used an adenovirus to induce overexpression in the liver of active TAZ (TAZ4SA) or a version of YAP (YAP5SA) that cannot be inhibited by LATS (32) . In WT mice, we found that liver size and morphology remained unaffected 4 days after injection of the viruses inducing the expression of TAZ4SA or YAP5SA ( Figure 3E , and Supplemental Figure 2 , A and B). On the other hand, in Pten -/-mice under the same experimental conditions, the expression of TAZ4SA or YAP5SA induced hepatomegaly, promoted the development of NAFLD without fibrosis or inflammation ( Figure 3F , and Supthat such crosstalk does indeed occur in the liver, that it is mediated at the level of YAP/TAZ and IRS2, and that it plays a key role in the development of NAFLD and its progression to liver cancer. Figure 1A ). In contrast, the DKO mice had highly advanced liver tumors at 5 months of age ( Figure 1A) , with significantly increased liver weights at 2 and 4 months of age ( Figure 1E ). While Sav1 -/-and Pten -/-mice developed liver tumors at 50 to 60 weeks, all DKO mice developed such tumors by 15 weeks ( Figure 1B) . Thus, DKO mice showed a marked acceleration of tumorigenesis with a corresponding reduction in survival ( Figure 1 , B and C). In addition, while Pten -/-mice developed only HCC (17, 18) , Sav1 -/-mice (23) and DKO mice developed both HCC and CC (Supplemental Figure 1B) .
Results

Deletion of both
Given that Pten -/-liver cancer proceeds through NAFLD and NASH (17, 18) , we examined young DKO mice for phenotypic changes occurring prior to tumor development. One-month-old DKO livers showed excessive fatty acid accumulation (Oil red O), similar to what was observed in NAFLD. This phenotype, however, did not appear in Pten -/-mouse livers until 3 months of age (H&E) ( Figure 1D ). Acute deletion of Pten and Sav1 in the adult stage using a CRE-encoding adenovirus also consistently led to the development of NAFLD (Supplemental Figure 1 , D and E). DKO mouse livers also had an excessive accumulation of glycogen (PAS) at 1 month of age ( Figure 1D ) that grew progressively worse with time (Supplemental Figure 1C) . Moreover, 3-month-old DKO livers showed increased apoptosis (TUNEL) and macrophage accumulation (F4/80) ( Figure 1D and Figure 1G ). Because these are associated with advanced NAFLD (H&E) and fibrosis (Picrosirius red) ( Figure 1D ), they suggested progression to NASH. DKO mice showed significantly increased serum AST and ALT levels at 3 months of age ( Figure 1F ) as well as increased pan-cytokeratinpositive (pan-CK-positive) hepatic progenitor cells in nonductal regions at 5 months of age (Supplemental Figure 1C) . Collectively, these results indicate that deletion of Sav1 accelerates the progression of Pten -/-livers through the steps of NAFLD, NASH, cirrhosis, and cancer. We therefore decided to focus on the development of NAFLD as a precursor of liver tumorigenesis.
Increased AKT signaling accelerates the development of fatty liver in Pten -/-Sav1 -/-mice. We next performed gene expression profiling on the DKO mice to explore the mechanism underlying their early development of NAFLD. We found that DKO livers had increased expression of genes related to insulin signaling (i.e., Pdk4, Igfbp1, and Irs2) and reduced expression of genes related to carbohydrate or glucose metabolism (i.e., Pygb, Slc2a2, Pklr, and Aacs) ( Figure  2A) . In a gene set enrichment analysis (GSEA) of DKO livers relative to Pten -/-livers, we found enrichment of gene signatures relat- Figure 3A) . We observed mild improvement in the fatty liver phenotypes of 4-week-old
mice compared with that seen in DKO mice ( Figure 5A ). In contrast, deletion of both Yap and Taz in DKO mice (PSYT quadruple-knockout [QKO]) rescued the DKO fatty liver phenotype ( Figure 5A ). QKO mice also had a reduced abundance of IRS2, p-AKT, p-GSK3β, and FAS ( Figure 5B ), and less upregulation of Irs2 mRNA than did DKO mice ( Figure 5C ). DKO and either PST or PSY TKO livers did not differ in their p-AKT levels ( Figure 5B ), presumably because of some sort of compensatory regulation of YAP or TAZ in TKO livers (34) . We detected a reduced p-YAP/ YAP ratio in PST TKO mice compared with DKO mice, suggesting that PST TKO mice have more active YAP. In PSY TKO mice, it was TAZ that appeared in greater abundance than was observed in DKO mice ( Figure 5B ). Unexpectedly, although we did not see any reduction in the liver-to-body weight ratio of PSYT QKO mice compared with that of DKO mice, QKO mice developed severe liver fibrosis, and their serum was much yellower than that of WT mice (Supplemental Figure 3 , B-D). As previously reported (25, 35) , Yap -/-Taz -/-mice do not form biliary ducts (CK19-negative) and have chronic liver damage and fibrosis (Supplemental Figure  4 , A-F). The fibrotic changes we observed in PSYT QKO livers were likely due to the toxicity that arose because of the YAP/TAZ ablation-induced malformation of the biliary duct cells (Supplemental Figure 3C ). Despite this complication, our results indicate that loss of Yap/Taz can rescue the NAFLD phenotype in hepatocytes of DKO mice.
Next, to determine whether the components of the Hippo pathway upstream of YAP/TAZ inhibit AKT signaling, we generated Pten -/-mice expressing transgenes encoding either a WT (MST-WT Tg ) or kinase-dead mutant (MSTkd Tg ) form of human MST1, which is a binding partner of SAV1 and an activator of the Hippo pathway (Supplemental Figure 5A) Figure 2E ). We also observed increased levels of p-ERK ( Figure 4A ), a downstream target of PIP 3 . We therefore hypothesized that YAP and TAZ may serve as upstream regulators of AKT. DKO mice showed dramatic increases in IRS2, but not IR, IRS1, or PI3K ( Figure 4A ). In addition, the increase in Irs2 mRNA we observed in DKO mice was more significant than the increase we observed in Sav1 -/-or Pten -/-mice ( Figure 4B ). This is reminiscent of the pattern we observed for YAP/TAZ expression in these same animals ( Figure 3 , A and B) and is consistent with our microarray analysis showing that DKO mice expressed higher levels of Irs2 mRNA and IRS target genes than did Pten -/-mice ( Figure 2 , A-C). Together, these results suggest that YAP/TAZ activation in DKO livers increases insulin signaling by upregulating IRS2.
Next, we used the normal mouse hepatocyte cell line AML12 to further clarify the molecular relationship between YAP/TAZ and IRS2 in vitro. We found slight increases in IRS2 expression associated with the depletion of either PTEN or SAV1 in this cell line, but an even greater increase in IRS2 expression associated with the simultaneous knockdown of both PTEN and SAV1 ( Figure 4C ). While SAV1 depletion did not affect insulin-induced AKT activation, depletion of both SAV1 and PTEN enhanced AKT activation by dramatically increasing IRS2 expression ( Figure 4D ). We also found that overexpression of IRS2 induced AKT activation (Figure 4E ) and knockdown of IRS2 in PTEN and SAV1-depleted cells attenuated their insulin-induced activation of AKT ( Figure 4F ).
Since the transcription factor TEAD binds YAP/TAZ for target gene transcription (33), we asked whether YAP/TAZ can directly regulate Irs2 expression through TEAD. We found that TAZ4SA, but not the TEAD-binding deficient mutant (TAZ4SA/S51A), could enhance IRS2 expression and AKT phosphorylation (Figure 4G ). There are 6 potential TEAD-binding sites (TBSs) within the distal promoter and first intron of Irs2 ( Figure 4H ). TAZ4SA, but not TAZ4SA/S51A, activated reporter constructs containing These results suggest that YAP and TAZ are critical in the development of fatty liver and its progression to liver cancer in humans via the upregulation of IRS2 and subsequent AKT activation. Inhibition of AKT signaling or silencing of IRS2 attenuates the development of liver cancer. Given the lack of treatments for NASH (4), we next asked whether pharmacological inhibition of AKT could ameliorate fatty liver and slow cancer progression in DKO mice. To this end, we administered the pan-AKT inhibitor MK-2206 (phase II clinical trials) intraperitoneally to 3-weekold DKO mice. We found that MK-2206-treated DKO mice had less fatty liver, decreased liver weight, and reduced liver fibrosis as well as improved liver function and lower expression of lipoplemental Figure 5 , B and C). In contrast to Pten -/-MSTkd Tg livers, Pten -/-MSTWT Tg livers also showed lower AKT activation and IRS2 expression than did Pten -/-livers ( Figure 6C and Supplemental Figure 5D ). In addition, overexpression of MST1WT Tg , but not MSTkd Tg , increased LATS activation and decreased YAP/TAZ abundance ( Figure 6 , B and C). Together, these data indicate that enhanced Hippo pathway activity inhibits AKT signaling, probably by inhibiting the YAP/TAZ-mediated regulation of IRS2 and, consequently, attenuates the development of NAFLD.
YAP/TAZ and IRS2/p-AKT are positively correlated in HCC patients' specimens. To extend our results in mice to humans, we examined the hepatic expression of YAP, TAZ, and IRS2 in HCC patients' samples. The human HCC and cirrhosis databases showed positive correlations between IRS2 and YAP or TAZ mRNA levels (36) (37) (38) (Figure 7A ). Furthermore, we also found significantly positive correlations between IRS2 levels and the downstream targets of YAP/TAZ (e.g., CTGF and CYR61) ( Figure 7B ). IRS2 protein levels were also positively correlated with TAZ/YAP levels in sion by injection of sgIrs2 into 5-week-old mice, which already had advanced NAFLD ( Figure 9E ). Because the rapid progression of tumor formation in DKO livers stems from their enhanced development of fatty liver, the suppression of IRS2 significantly prevents disease progression from NAFLD to cancer ( Figure 9E ). Collectively, these results suggest that increased IRS2 expression in DKO liver is the key factor promoting liver cancer progression.
Discussion
In this study, we show that the Hippo and AKT signaling pathways function cooperatively to maintain liver homeostasis. Importantly, we have shown that this hyperactivation of AKT in the liver arises from a positive feedback loop that links YAP/TAZ and IRS2/ AKT signaling ( Figure 10 Figure 7B ). These effects were also accompanied by reduced expression of genes related to fibrosis (i.e., Acta2, desmin, and Tgfb), cell death or injury (i.e., Hmox1 and Gadd153), and inflammation (i.e., Tnfa) ( Figure 8K ). Together, these results indicate that, like Hippo pathway activation ( Figure  6 , A-C), AKT inhibitor treatment markedly attenuates the development of NAFLD and liver cancer in DKO mice.
To clarify the role that IRS2 plays in the development of NAFLD and cancer in DKO mice in vivo, we generated an adeno-associated virus (AAV) encoding Staphylococcus aureas Cas9 (saCas9) and single-guide RNA (sgRNA) against Irs2 (sgIrs2) to abrogate IRS2 expression in the DKO mouse liver (39) . Importantly, we found that deletion of Irs2 in DKO livers rescued the cancerous phenotypes of control virus-injected (sgCtl-injected) DKO mice. sgIrs2-injected DKO livers showed significant reductions in the number and size of cancer nodules by reducing their levels of p-AKT (Figure 9, A-D) . We did not, however, detect any attenuation of NAFLD progres- mouse model will prove valuable in the validation of drugs targeting AKT-dependent liver disease. Our discovery of the link between the Hippo-YAP/TAZ and IRS2/AKT signaling pathways may explain the positive correlation between nuclear YAP1 abundance and AKT activity that was previously identified in human liver tissue specimens (30, 31) as well as the correlation between IRS2 and YAP1 or TAZ expression we observed in this study. These 2 pathways were previously linked by the observation that YAP-mediated induction of miR-29 inhibits PTEN (28), but we were unable to detect any difference in PTEN abundance between Yap -/-Taz -/-and WT livers (Supplemental Figure 4G ). In addition, we found that DKO mice developed HCC/CC mixed-type tumors in the liver, despite the presence of evaluated for the treatment of liver cancer in clinical trials (https:// ClinicalTrials.gov; NCT01425879 and NCT01239355). Our finding that the amplification of AKT activity stems from the function of a positive feedback loop linking YAP/TAZ and AKT suggests that AKT inhibitors may be particularly effective against liver tumors that show high levels of YAP/TAZ and AKT activity. In contrast to treatment with MK-2206, treatment with verteporfin did not block the progression of the NAFLD phenotype of DKO mouse livers (data not shown). It is possible that the inhibitory action of verteporfin was insufficient to counteract the hyperactivated YAP/ TAZ in DKO mice. Given that DKO mice develop NAFLD and NASH that lead to liver cancer at an early age, a progression that resembles that of human liver disease, we expect that the DKO , and qPCR analysis of the expression of genes related to fibrosis (Acta2, desmin, and Tgfb), cell death or injury (Hmox1 and Gadd153), or inflammation (Tnfa) (K). Arrowheads in E indicate tumor nodules. Scale bars: 300, 400, 100, and 100 μm (I, top to bottom, respectively). Chol, cholesterol; TG, triglycerides. Quantitative data in F-H, J, and K represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control (Student's t test). -/-mice did not develop NAFLD. We therefore suggest that the Hippo and PTEN/AKT pathways may not work in parallel. Instead, the Hippo and PTEN/AKT pathways seem to converge in the development of NAFLD, thus producing synergistic effects in the development of liver cancer.
We have demonstrated the importance of a positive feedback loop linking YAP/TAZ with IRS2/AKT signaling in the development of NAFLD, NASH, and liver cancer. We believe our identification of this link between these 2 pathways will facilitate the development of new therapeutic approaches for liver disease. Treatments combining AKT inhibitors and YAP/TAZ inhibitors may produce synergistic effects to prevent liver disease and/or inhibit liver tumorigenesis. Moreover, IRS2 is regulated by transcriptional regulators such as SREBP1c, STAT3, and HIF2α (46) (47) (48) . We can now expand this list to include YAP/TAZ, which we have shown to be a bona fide transcriptional regulator of IRS2, and we anticipate that this expansion of the known regulators of IRS2 will also facilitate the development of new therapeutic approaches to treat liver disease (8, 49, 50) . Tg mice were generated as previously described (17, 23, (51) (52) (53) . Mice were crossed as indicated to obtain the desired genotypes. Mice were genotyped by PCR analysis using the primers listed in Supplemental Table 1 . Only male mice were used for the present study, and they were deprived of food for 16 hours before sacrifice. Adenovirus for overexpression of CRE, YAP5SA, TAZ4SA, or GFP (control) and AAV-saCas9-sgIrs2 or sgCtl in the mouse liver were injected into the tail vain of 6-and 5-weekold mice, respectively. The mice were deprived of food for 16 hours at day 4 (YAP5SA, TAZ4SA, and GFP) or week 4 (CRE and GFP) after adenovirus injection. MK-2206 (Selleckchem; S1078) was prepared in 30% Captisol (CyDex Pharmaceuticals; RC-0C7) and administered to DKO mice by intraperitoneal injection at a dose of 66 mg/kg every other day for 2 weeks, beginning at 3 or 12 weeks of age.
Methods
Generation of liver
highly active AKT and PIP3 in their hepatocytes ( Figure 2D and Supplemental Figure 1B ). Consistent with a previous report that YAP/TAZ activation can convert hepatocytes to progenitor/ductal cells (35), our results suggest that, in addition to inducing HCC, hyperactivated YAP/TAZ in DKO hepatocytes can also induce the development of ductal cell-derived CC by altering liver cell types. The effects of TAZ on inflammation were recently implicated in the progression of NASH (44). Luo et al. suggested that the liver microenvironment is a key factor for NASH-derived cancer development in Pten and Shp2 DKO mice (45) . Here, we found that the increased levels of TAZ in DKO livers were associated with enhanced immune cell infiltration and increased levels of inflammatory cytokines in the liver ( Figure 1D , Figure 2G , and Table 1) , as well as with the rapid development of NASH. The rescue models in our study (Pten -/-MSTWT Tg and AKT inhibitor treatment) are also consistent with the hypothesis that suppression of AKT attenuates the development of advanced liver disease by reducing inflammation. It remains unclear, however, whether the increased inflammation observed in DKO livers depends primarily on AKT signaling, Hippo signaling, or another signaling pathway. Moreover, considering the reciprocal effects observed in the hepatic microenvironment, further studies of the relationship between accelerated disease progression and the regulation of DKO liver tissue microenvironments are necessary.
Although several studies have identified unidirectional interactions between the Hippo and AKT signaling pathways, our results revealed bilateral crosstalk between these pathways. We found that AKT signaling regulates the Hippo pathway by affecting TAZ protein stability in the liver. Pten -/-livers showed increased TAZ, the detailed mechanism of which was characterized in vitro (40) . Most important, we observed that AKT inhibitor treatment significantly reduced TAZ abundance. On the other hand, the Hippo pathway also regulated AKT signaling through the transcriptional control of IRS2. In other words, both pathways must be fine-tuned to maintain liver homeostasis, because their dysregulation leads to liver disease. Furthermore, although it is well known that both Pten -/-and Sav1 -/-livers develop cancer, our Adenovirus and AAV preparation. The CRE, human TAZ4SA, and YAP5SA cDNAs were cloned separately into the pAdtrack-CMV-GFP vector. The resulting vectors were then recombined with the pAdEasy-1 vector in BJ5183-AD-1 electroporation-competent cells (Agilent Technologies; 240005 and 200157). The recombinant DNA was linearized with PacI and introduced into 293AD cells by transfection with polyethylenimine (Polyscience; 23966). After checking the cells for GFP expression, we pelleted them with centrifugation, resuspended them with 10% glycerol in PBS, and lysed them with 4 freezeHistology, immunostaining, and TUNEL staining. For immunohistochemical staining, 4-μm liver sections on slides were serially rehydrated with xylene and ethanol before heat-induced antigen retrieval (10 mM sodium citrate, pH 6.0; Duchefa). The antigen retrieval step was skipped for slides stained with the anti-IRS2 antibody. Blocking was performed with 0.3% BSA in PBS for the p-AKT-specific antibody and 5% goat serum in 3% BSA including 0.3% Triton-X for all other antibodies. After quenching endogenous peroxidases with hydrogen peroxide (Merck), the samples were incubated with a primary antibody in blocking solution. After washing and incubation with an HRP-conjugated anti-rabbit secondary antibody (Jackson Immunoresearch; 1:500), DAB (Vector Laboratories) was added for antigen detection. Finally, the slides were counterstained with hematoxylin. Luciferase assay. The indicated portions of the Irs2 genomic locus, including 6 potential TBSs, were cloned into the pGL3-Basic vector (Promega). Each mutant construct was generated by deletion of specific TBSs. 293T cells were cotransfected with a Renilla plasmid, a TEAD-encoding plasmid, and the constructs of interest. Twenty-four hours later, the cells were harvested, lysed, and assayed with the Dual Luciferase Reporter Assay System (Promega; E1960).
ChIP-qPCR analysis. Two days after retrovirus infection, AML12 cells were fixed with 1% formaldehyde for 10 minutes and then neutralized with 125 mM glycine for 5 minutes at room temperature. The cells were washed with PBS and then lysed with ChIP dilution buffer (50 mM HEPES [pH 7.5], 155 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 1 mM EDTA) containing 1% SDS. The DNA in the cell lysates was fragmented by sonication using a Bioruptor sonicator. The cell lysates were centrifuged at 20,000 × g for 15 minutes at 4°C, and the resulting supernatants were further diluted with ChIP dilution buffer. The supernatants were then incubated overnight at 4°C with either the TAZ antibody (MilliporeSigma; HPA007415) or IgG (Santa Cruz Biotechnology). The next day, protein A/G beads (Gendepot) were added, and the samples were incubated for an additional 3 hours at 4°C. The beads were then isolated with centrifugation, washed with ChIP wash buffer (10 mM Tris-HCl [pH 8.0], 250 mM LiCl, 0.5% nonidet P-40, 0.5% sodium deoxycholate, 1 mM EDTA), and suspended in SDS lysis buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA, 1% SDS) for overnight incubation at 65°C. The beads were then removed, and the remaining material was incubated for 2 hours at 55°C with proteinase K (20 mg/ml) and glycogen (20 mg/ ml). After a final 1-hour incubation with RNaseA at 37°C, the DNA was purified using standard procedures and analyzed by qPCR using the primers listed in Supplemental Table 1 .
Gene expression profiling and GSEA. Total RNA was extracted from livers with Ribo-EX (GeneAll) and subjected to microarray analysis with MouseRef-8, version 2.0 BeadChip (Illumina). To identify differentially expressed genes, the raw values from all groups of mice were normalized to the mean values for each gene set and log 2 Statistics. Because of individual variation between mice, we used at least 3 to 5 mice per group for all experiments (e.g., immunoblot analyses, qPCR, H&E staining, Oil red O staining, Picrosirius red staining, IHC, etc.). We used only 2 mice per group for the microarray analyses. Group sizes were determined in accordance with previous studies, and no mice were excluded. For the comparison of liverspecific mutant mice with WT mice, we used WT littermates for all thaw cycles (LN 2 and a 37°C water bath) to release their viruses. To amplify the adenoviruses, we repeated this step with increasing numbers of cells. The adenoviruses were finally purified by ultracentrifugation at 46,000 × g for 2 hours at 4°C on a discontinuous gradient from 2.2 to 4.0 M CsCl (Amresco) in 10 mM HEPES (Millipore Sigma). The adenovirus-containing layer was removed with a syringe needle, and the viruses were washed twice in a solution containing 10 mM Tris-HCl (pH 8.0) and 2 mM MgCl 2 using an Amicon Ultra Centrifugal Filter (MilliporeSigma; UFC810024). Virus titration was performed by counting exposed 293AD or target cells positive for GFP with a fluorescence microscope. A total of 1 × 10 9 to 1 × 10 10 PFU were used for tail-vein injections. For the generation of an AAV encoding saCas9-sgRNA against Irs2, we used the pX602-AAV-TBG:: NLS-SaCas9-NLS-HA-OLLAS-bGHpA;U6::BsaI-sgRNA vector, which was purchased from Addgene (plasmid 61593) (39) . The steps for AAV generation, concentration, and purification were performed as previously described (39) . Genomic copies of AAV (2 × 10 10 to 2 × 10 11 ) were used for tail-vein injections into 5-week-old mice that were analyzed 7 weeks later. The oligonucleotide sequences for sgIrs2 are listed in Supplemental Table 1 .
Generation of stable knockdown or overexpression of cell lines. To generate knockdown constructs, the plko.1 vector was digested with EcoRI and AgeI and ligated with annealed oligonucleotides encoding SAV1 or PTEN shRNAs (5′-CCGGCGGCTACATCTCTAGGGAAT-TCTCGAGAATTCCCTAGAGATGTAGCCGTTTTT-3′ and 5′-CCG-GCAACCGATACTTCTCTCCAAACTCGAGTTTGGAGAGAAG-TATCGGTTGTTTTT-3′, respectively). The shRNA constructs were transfected into 293T cells, together with psPAX2 and pMD2G. After 2 days, viral particles were harvested from the culture media by filtration. The viruses were then used to infect AML12 cells in the presence of polybrene (6 μg/ml) (MilliporeSigma; H9268), and stable cell lines were obtained via antibiotic selection with 10 μg/ml puromycin (Gibco, Thermo Fisher Scientific; A11138-03) or 50 μg/ml hygromycin B (Thermo Fisher Scientific; 10687010). We cloned TAZ4SA, TAZ4SA/ S51A, and YAP5SA into pMSCV-puro vector (catalog 631461; Clontech), or purchased IRS2 construct (catalog DU4859; MRC PPU Reagents) for generating AML12 stable cell line expressing those genes, respectively. Next, the resulting constructs were used to prepare recombinant retroviruses for infection and subsequent puromycin selection of infected cells.
Knockdown of IRS2 with siRNA in AML12 cells. An AML12 cell line stably expressing shPten and shSav1 was transfected with 20 nM siRNA (ST Pharm Oligo Center) using RNAiMAX (Invitrogen, Thermo Fisher Scientific; 13778-150) according to the manufacturer's instructions. Two days later, the cells were deprived of serum for sixteen hours and then treated with insulin (100 nM). The oligonucleotide sequence information was provided by Calvin J. Kuo (Stanford University School of Medicine, CA, USA) (47) . An AML12 cell line was purchased from ATCC and maintained in DMEM (Gibco, Thermo Fisher Scientific; 12100046) containing 10% FBS (Gibco, Thermo Fisher Scientific; 12483020), 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific; 15140122), 0.005 mg/ml insulin (Gibco, Thermo Fisher Scientific; 12585014), 0.005 mg/ml transferrin (MilliporeSigma; T8158), 5 ng/ml selenium (MilliporeSigma; S5261), and 40 ng/ml dexamethasone (MilliporeSigma; D4902) in a humidity-controlled environment (37°C, 5% CO 2 ). The cell line was confirmed to be mycoplasma free with a Mycoplasma PCR Detection Kit (Intron; 25233). 
